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PREFACE

The model study reported herein was requested by the US Army Engineer

Division, New England (NED), in a letter to the Office, Chief of Engineers,

US Army, dated 28 June 1972, and was subsequently approved in a letter to

NED dated 26 September 1972. Authority Lo initiate the investigation was

granted by NED in a letter tD the Director, US Army Engineer Waterways Experi-
ment Station (WES), dated 8 August 1973.

Design and construction of the model were accomplished during the period

August 1973-January 1975; hydraulic and salinity verifications were carried

out during the period February 1975-October 1975. Hydraulic, salinity, and

dye dispersion base tests were performed during the period November 1975-

March 1976. Fixed-bed entrance shoaling verification was carried out during

the period February 1977-July 1977. After completion of all fixed-bed model

verifications and base tests, the general investigation was initiated. All

programmed testing was completed in September 1977. This report describes

the problems that necessitated the model investigation, the model and its

appurtenances, verification and base tests, and studies conducted in the model.

This study was conducted in the Hydraulics Laboratory of WES under the

general supervision of Messrs. H. B. Simmons, Chief of the Hydraulics Labora-

tory; F. A. Herrmann, Jr., Assistant Chief of the Hydraulics Laboratory;

R. A. Sager, Chief of the Estuaries Division; G. M. Fisackerly, Chief of the

Harbor Entrance Branch; and N. J. Brogdon, Jr., Project Engineer. Technicians

of the Estuaries Division who assisted throughout the investigation included

Messrs. D. M. White, J. J. Holman, and C. W. Dorman. This report was prepared

by Messrs. Brogdon and White.

Commanders and Directors of WES during the course of the investigation

and the preparation and publication of this report were COL G. H. Hilt, CE,

COL John L. Cannon, CE, COL Nelson P. Conover, CE, COL Tilford C. Creel, CE,

and COL Robert C. Lee, CE. Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, US CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

US customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Mul tip By By -To Obtain_ _

cubic feet per second 0.02831685 cubic metres per second

feet 0.3048 metres

feet per second 0.3048 metres per second

gallons per day 3.785412 cubic decimetres per day

i riches 25.4 millimetres

miles (US statute) 1.609344 kilometres

square feet 0.09290304 square metres

square miles (US statute) 2.589988 square kilometres

3
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NEWBURYPORT HARBOR, MASSACHUSETTS

DESIGN FOR HYDRODYNAMICS, SALINITY, AND SEDIMENTATION

Hydraulic Model Investigation

PART I: INTRODUCTION

Background

1. Newburyport Harbor is located on the northern coast of Massachusetts

about 54 miles* by water north of Boston and 20 miles southwest of Portsmouth,

New Hampshire (Figure 1). Newburyport Harbor was constructed during the

period July 1881-October 1914. The city of Newburyport is the principal busi-

ness center for several nearby towns and the summer resorts of Plum Island

and Salisbury Beach, which are situated on the south and north sides, respec-

tively, of the entrance to Newburyport Harbor.

2. The initial navigation project for Newburyport Harbor adopted in

1880 provided for the construction of converging rubblestone jetties extending

from Salisbury Beach on the north and Plum Island on the south. The south

jetty was completed to full cross section (crest el +12.0 ft NGVD* -) in 1905

and had a total length of about 2,415 ft. The north jetty was completed in

1914 to the same cross section and crest elevation as the south jetty for a

total length of about 4,118 ft. The outer 1,000 ft of the north jetty was

constructed parallel to the outer 1,000 ft of the south jetty, thereby pro-

viding an entrance width of about 1,000 ft. This project provided minimum

deaiths of 12 ft during most favorable conditions. Modifications to above

project completed in 1957 provided for a navigation channel 400 ft wide by

12 ft deep mlw (mean low water or -16 ft NGVD) over the outer bar and through

the jetties, then 200 ft wide and 9 ft deep mlw (-13 ft NGVD) to the Route 1

Bridge. A turning basin was provided immediately downstream from the Route 1

B r idge.

. Neitlier the above project nor periodic maintenance dredging has

A table of factors for (onverting US customary units of measurement to
metric (SI) units is presented ou page 3.
All elevations (el) itedl herein are in feet referred to the National

Geodetti Vert,(al Datum (N(;vI)).
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proved satisfactory in maintaining an adequate channel entrance. Rehabilita-

tion work on the jetties between the period 1968-1970 resulted in reduced wave

heights in the entrance channel and reduced sand bypassing the jetty st rc-

tures, thereby resulting in widening the adjacent beaches; however, the

entrance channel continues to be unsatisfactory.

4. Very extensive erosion to the north shore (eastern half) of Plum

Island began when a series of three severe storms struck the area in early

1969. This erosion continued to be a problem to the extent that the US Coast

uard Station and other property in this area are in danger. In 1970, a plan

to extend the south jetty landward together with placing dredged material in

the area was devised and implemented in an effort to check this erosion.

However, erosion of the north shore of Plum Island continued to the extent

that the extension of the south jetty was flanked. It is believed that the

eroded material contributed to the growth of the inner bar resulting in the

channel being forced against the north jetty.

5. Two hydraulic models were constructed and tested at the US Army

Engineer Waterways Experiment Station (WES) to study plans designed to elimi-

nate or minimize these problems. The distorted estuary model, reported herein,

was used to determine probable effects of varions improvement plans on the ,

existirng hydr;auli s, sali ty, and entrance shoaling conditions. In .Idditi,',i

t, the model study it-ported herein, arn undistorted model hu ilt to scale of

I: ') -a.; c.s'l to sI mciy the effects of wave condi tiorns on shoal ing and erosion

"Ith t Ic ,plcsecd il'proVellmemit p n!Is instale ld in the model and to determine

tie f- tte( t , ot varim s jetty crown elev;ations :)m wave overtopping, wave

Purpose

6 . The molde I st ldy wJs crlicted to determine the effects of I 1 p1 ans

On slsurftace current ve I i ties , -urface cimrr tnt patterns, salinity, dye

li specrs i on , and eIt rai(e sho-i I i rg and s( iir.

R. n:,urr-ri jnt C. ' - 'ih.rt h,, Jr 171) (F b) . "Newburyport Hairor,
It:.:.,ic h,,+tts f .:. gin fcr WN.,v,. t' t on i mii Erosioi Control ," Techniic lI

RF-pQr Iil- 79-I, R,'poit I, I S Armiv Enr rMne Wte wavs -xperinm ellt Station,
V i kshirnc , 'I ss



Scope

7. Eleven proposed improvements plans were investigated during the

course of this model study. Five of these plans were subjected to brief tests,

primarily visuial observations and surface current pattern photographs. Six

plans were subjected to extensive testing to determine their effects on base

condition hydraulics, salinities, dye dispersion, anid entrance shoaling anid-

scouring. This report contains the results of those tests.

The Prototype

8. The estuary diverges (Plate 1) from the Merrimack River at Newbury-

port, Mass., abloujL 3.5 miles west of the entrance, to a maximum width of about

. 75 m11ilIe s. Extensive mud flats exist on either side of the niavigationl

(haririe I ThIe estuary is sepa rat ed f rom the Atlantic Ocean by two barrier

is a rids, P1 im IsIanrd oni the sonthb anid Salisbu ry Beach to the iiorthr. The es -

tuarv is (onfrwcted to H1 tim Island Sound located about 8.5 miles to the south

lv tile Pl'I1 rim Is a n River.

4). [be e t ra rice to Newlir yio rt Harbor i s a bout 1 ,000 ft wide anid is .

pt'dtectt by L% to (oiverginrg riibhlestorie jetties extending from Salisbury

R,,tIf (ii thte niorth irid Plumi Island o)n the south. The aiuthorized navigation-

Irifirrel (, irict irg thre At anitt iceari arid the city of- Newburyport is 400 ft

i'Ifiid 10 It deep I N(XIJ I yer the outer liar anid throuigh the 'jetties, 200 f-t

I de ifid 1 5 fIt deep ( NGVI)) f ruiii the kinrdwa r d cmld of the jet Li es to the wha rves

'I t Newb till rYI r t.

1I Avr rige 'Ia I I v t res hwa t er d is cha rge f or thte Mer r ima ck R ive I- i s a boult

00(0 tS , ir ig i rig I worn ro re t ha n 23,1 000) c7 fs inr thfe sp r i rig t o abhou t I ,700( f is

III th Iii 11 iii h e iritiri senridrII i mlj t i (4 range a t t lie ha rhoir erit rarree i s .1holit

f2 t.

71



P~ART I I THEl MOLE I.L

De scriptionii

I [ie Newhit Iv iort Ia I rho r Ill()F I re'p roiliets ip1 -()X I III,] t e IV 5, squ.1re

illI I t's t t hie p1 ro L otL vpo aI reat itic Iid i rig the Me rr imri k Ri vet to hteid of I de

t he AtL I mi ui s t f rout ahtIm t 2 . 5 tii lt I 1 s iit )f t it( nofrt h oet Ly t o a bout

2.) lI I vs sout-h o I t he soutt t _jetty aitd o f fshIr e a Irea( s hol l'ii t InI -60 I t

,tttol , n t heI svsteni of- S 1It 9ghs a id ( c ree ks t hat L ('FI ct t Ia at t t i it 11 rioighi-

out t tit mo de I a rea. [hie nlode I iipst ream f rom At i choke R i u'f wa, js coist riicted

it I ih~vy I it it f orilli ii o rder t-to c on[s erve shfeltt er s pa ce, t he rehy vtti d t rig the

ise t Ities s oh anyII type of data , other than t ida t da t a, '-ol oIIc t ed thIIe r ef r om.

Ihe l iitts o f t he a rea rep roduced a re shown in PIa t e 1 . A generalt view of Lheit

node I is shown in Figuire 2.

12. The model was constructed to linear scale ratios, model to proto-

tvpe, of 1:300 horizontally and 1:100 vertically. From these basic ratios

the tollowirig scale relations were compuited by the Froudian relations: slIope

i<l, velocity 1:10, timie 1:30, discharge 1:300,000, voltime 1:9,000,000, area

F'i gii re 2 . GeneralI vieow of m ode 1
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F a I i t ies th roughout th lit lode I. Rep rod(Irt I ol of p rot otype s aIlnit y p herioaiaa

inl t he mlodelI reapa I I ed th lit,11, it tellance, ')t thfe p)rope r salI i 11i ty i n the oceain

wajte r-sip IV Ssst eml amoI)l t hie t-,t ab 1 II shaie I t of 1the p)roper ni x irig envi roumer[It

rile p)roto(tp j al SIaI t y da1taj used 1n dai 11s phase o I thfe Ltudy were. oht I i liell

lana 1111 taaaeoas Ilv w it h th ab tove p)rot ot ype laydraaalI i c dIa ta. SaI i 11ii t y oluservaIt ion)fs

".ere niadu at lhour 1 (p ro to0type ) Iirt Le rva I s i n botLh t lie miodelI a nd p)ro t otype.t

Thiese dat a were plIott ed and smnoot h cuarves were d rawna through the po inras Arid

aire c-ompa red wi th corresp~ond i rag prototype curves ira Plates 34-57. Thie agree-

rmenr t (leifolis t ra ted he t weeia maode I a lid p)rot ot ype a s coras i (de read excel I mnt . I t iS

po iliti ali out thfa t 110 add itLionalI a djus talelt o f t fe miodelI was nieces sa ry t o ot a in1

the agreemenat shown in Plates 34-57 . Thais Substarntiates the model adjustment

of tidles allid currents anal indicates that the upland fresh water was being

properly nmixed with salt water from the ocean supply.

Entrance. Area Fixed-Bed Shoalingarad Scour Verification

38. This phase of the verification involved] a trial-and-error procedure

to identify a maodel shoalirng material and a nmodel operating technique that

attained die most satisfactory reproduction of the krnwn prototype shoaling

and scour di stribut ion ira the entrance area. During this phase of the model

study, the entrance area was molded to conform to the fall 1973 prototype

hydrograph i c survey. The ent rance area, outer bar, and a port ion of the

aidjacent bchf a reais were suibdliv ided into 395 test sections as shown in

Plate 58. Tli is grid was painted onl the model floor. Scour and shoalihag pat-

emn for thle alit rarce a rea were dletermhineal for two protot ype hydrographic

suirveys, fallI 1973 to spring 1974, arid fall 1973 to fall 1974, as shown in

F iguares ') iiiad I0, respectivyelIy . To farcili tate a biet ter comnpa r ison for the

test idarect comparison later to plan test), scour aiul] shoal ing in each sec-

ion for eaich period were weighed anal labeled either scour or shoal as i ndi -

rajted iii Figures 11 and 12. The fall 1973 survey was used as the base for

leternalii ig chuanages during the above pierioils.

i Flu Te mut t ialI s tep wa s t o tie ternuirFie a mat erijalI thatL woalIld respolad iii

lh ienodeI I, assand le)es ira the prototype. Several materialIs were tried before

tie 11i'l a select i 'i was amo le. The in.teria I that responded best was granilated

rn,, bra w a it ueai t ,ra i i Is iz e of 1 /8 i raI. id a I sp)c i- I I r g r;Iv i t V o f I . 14. Tb'l i s

ru,tevn i.a tI was plac~jed u ri fa orilyI by haind ove r t he enL ire te(Ist a rea a t a rI Lte o f

20



Aind is (tue prillari ly to the artiticial soutle rn itodel Iniit *l15(11sst'ld It

p.iragraph 31. r'it prototype reading ait ide sta 7 (Wal lle Boat Y,'rd) was

unusually too during the high-w, ater period oll the 22 Hv 19A) am. lI ng perid.

Ihib stat1on had previously been found in error lnd it alp'ars- that the high-

wter daLta are in error since they were about 1 .0 tLo I .5 t lowe than the'

preceding aiind tol lowing high-water elevations. Low-waler elevatioils f r the

period precedting, duri g, dud following the samripling period it "is lo ,Ation

were approximately the same; theretore the discrepancy shown in Plates 7 and 9

for this stat i(,n s probablly not as great as indicated. Plates 7 and 9 have d

riot teen c,,rectel si lice no correct i on factor is known.

Adijustieits of cuirrenits

5. The obiject i ve oF tile modlel current adjustment, was to orta il n Al

i, t iit relrolct ilifi ot prLiottype current velocImtes and istriHbut ilis

h , iiglo t t he Ilde I . Prototype current velocity data were available at

1Z statirns located on 4 rallges; location s of ranges and stations are shown in

Plate I. Prototype readings were made at the surface, miidepth, and hottoii

elevations tor a period of 13 hr at each station. Simul taneois readings at

.,ti it A the 12 locations were made duriig each of the two prototype sampling ,'-"

tie r i ils.

10. The procedure foll owed for adj ustment ot current velol c t i es was to

r,ep riduvi at h o f the two t i d I arnd di scha rge cond it i ons iln tru rn and adj ust

the mole I roighness unt i the current ve loc it Lies at. each meter ing stat ion were.

reprduceid in tie model to in icceptable accuracy. The freshwater discharge

va lies used duriig the currenit yelocity verification were weighted averages ot

metered dischairges observed ol the date of the survey. Cormparisols of lodel

fnI prototype current vielocities for all stations on each prototype date are

town in PIAL ts I-i . Measlremrelts obtained at half-honr intervals were

pl,,tteId for ,tth nodel. alu prototype an;l|d smoothr curves were diraw.n through tie

,, n fts. N A tteimtpt wil I he made to discuss each comparison ot prototype ,iA

rm,,dh 'l i..sirem.it:;, h",t the agreement obtained throughout the model is (oin-

-...,ldt r,.d 1,, ho, v,.i v :,.At istac ry .

Si i li ty V 'rit c i (it i1o1

Z.)

/. "lhu tl ' ti.,' ) th ' m~h l ali it .tt~t~s mllt wa to olti~tl aS



31. The procedure followed was to adjust the tide generator in such I

manner that tlie tites generated in the model ocean woloId cauls' atl Accuirate

reproduction of prototype tides at sta 4 (Coast Guard Stat ion), thin t", .djtst

the model roughness until prototype tidal elevations and times were reproduced

to scale throughout the model. On ce an acceptah Iv ver if i cat i o sas achieved,

the control station was relocated to the pit (sta 1) and thertafter remained

the same throughouLt base and plan tests.

32. Comparison of model and prototype tida! daLa for the two tides

reproduced in the model are presented in Plates 2-9. Plates 2-4 show tidal

elevations for the 13 September 1973 tide conditions at the South Jetty

(sta 2), Plum Island Bridge (sta 3), Coast Guard Station (sta 4), Butler's

Toothpick (sta 5), Route 1 Bridge (sta 6), Wallace Boat Yard (sta 7), and Bates

Bridge (sta 8) ti(Ie stations. High-, mean-tide, and low-water levels and range

of tide profiles are presented in Plate 5 for the 13 September 1973 tide

condition. The greatest discrepancy in tidal range and high- and low-water

levels occurred at the Plum Island Bridge sta 3. This station is located

near the southern limits of the model. In the prototype, Plum Island River

connects Newliryport Harbor to Plum Island Sound about 10 miles to the south.

This condition was not reproduced in the model as only about 3 miles of the

Plum Islani River was reproduced. Although tidal effects extend beyond the

station location in the prototype, there was no supplemental provision for the

passage of tidal flow at the southern model limits. Since the tidal flow in

this area is quite small, and since this area is sufficiently far enough away

from the potential problem areas that might have been subject to model inves-

i gat ions, provi sion for such tidal flow would have involved an unnecessary

expen rse.

33. Aotii her nrtable di screparncy occ" rred at Route I Briridge (sta 6);

hnw'vpr, it is hel iev.d that the recording pen or staff gage zero was set

abohit 0.5 It to) how in the prototype on this part icular date. This correc-

I ir hi s it h " mad-il in Plate 3 or 5 but shbolId be taken into considerat i on

in the inal analvsis. Sta 7 and 8 were located in the labyrinth section of

th,. 1riode Jhid a Ir k (ol:idc red to hie within acceptabile range "I at cuiracy or

Mtde I tidt, .n listm, t. t Prot ityp' data at sti 7 were inricompl't e on thi ,lite

,t data, (,i 1.( t Irunt.

14. Pl.t(s 0-9 -+ow Ifit vo ri tIn t iui results [or the 22 nay 1974 trot,-

tvl, t idi' u i d li ti r S. ;t.A I I A'It' 1 .dg', n r,' II' t:s tlh III' nx I IiuuI hisudIo rcp.1utcv
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PA RT I I I VER I FICAT'ION OF THE MODELI

2. 'he vt-r i f Icijt I IiO If t iev N ewh ryp or t H a r o r t i x ell-hbed mode I wajs

aconp shdIII t hree, phlases: (aj) livdrril ( yen iicatioii which ensured t ha t

t Idal I lIevat ionIs amd t irnes , arid cilrrenit ve locIt ies and di rectioris were inl

proper a-greemii t wi thI theit prot ot ype; ()) sa I i t v ve ri fI c at Iin, wh ic h enIIsuLlre d

t hat sali rI iIt v lierioliniii~jIit te ile I co rresprilen to those o f Life p rot otype

or s I lli II r r I o. ions o I t ide , oceanr saj I i i tI , ( an freshwater iniflow; and

c)I i xed-lied ilt 1rinlce sho.i I ing o.ir scouir yeri ficatifort, whi ch enisured accept-

.11 t-1rorlivp 1(111 o m f prototype shoal luig arid( scour (list ribthutin and patterns

I t It I ii theit tntt ,In ct a rca and ove r thle ouiter liar .

28. 1 h1F .1 cciirait e rep rohickt I(ion o~ f hd ran it Ic an ti] salI irii ty phenomenia ini

an [I 'st tii] ro. w rit, I I s jIi irnplortILit pha se i if t he preparationi ot Lte miodel for

s t r it itt ii se i n cviia myiii thle efftec, ts 5 o p roposed imnp rovemetit works .

Fivery ef fort was mraide to ohtaj ti a cornprehiensive yeni fication of all pertintent

Hlydrant i c Veri I i cation

P rotl tyl Vinent.a

2 9. lit Sept teimber 19J 7 1 il May 19 74 theit US Army Enig inee r D ivi s ion, New

Efig I arid ( NVP, in1 (omij t1114 ion)I w It 11 thef( WES IlydraulI i cs Lahoratory undert ook a

pr(it (4t vf met er- I rig 1)rnngrimir in t he Newhi ryport. Ila rhorI to olita ini datLa wi t 1i whi cli

t t)nd i,,t ir veityII t ie( Ntr''doiirvim rt Hla rho r esttua ry modelI . 1Iwo prototype

Sun 1Ve- vr'vswe I't n Old ted,, t secuifre da ta coven r igy two wilde I.y va ry infg p rototLype

t11 1 rc ,. [lit' survicv cnnrilrictt'n ni I ( Septeriiler 1973 represenited a per iod of

1,,w f rcsh%.tt er m I o., whri ler tie, 22 May 19)74 suirvey reliresr'rittd the pen cd of

In gh I feiw cc -IIr i il i ow I inn I ,( it Iis tohs cr v, it I ori s wecre mad at ( 12 1 o cat i o I I

III rjigcfys 'fu rfig th lit nnyrVf per Iml.

iO. Iho (d nI jt i v- of t het modeIL inli I ad Is,,trintrit wa s ti oit a 1 i arl a(c-

F~ I et''lit cn I '1)I p re'otn(t 'pt' t 1 Li I o I cvajt I urtis arid t i dai I lilia.ses L t irorighoit

ie( 111rnle I . iro t (t yjre t i Lit I nLi t i t roir seven reco rd i rig t i de gajges (Pl 1atLe I -

w re i..i Iil vt to- yert Iv t lit .rc iria of) thle mot)le I t id 411 alj its tmenit . riif,,

~iyr's re t()rlen ess;erit i.,I Iv ()lit I Iiiiois I y for a irerinr )I ibmuit two weeks prior

h ,tI 1n r-)t mt vile in t c ri r ig li1 I to L inc weevk In I I o)w I rig.

1 7



rnateria I was tarefu I ly measured and then placed ii the n odel Lst. sect ions

by had whi I e the no(e test rep r (.iron was he ld it hiI gher waat er I ev Is.

IAt the end ot each model test, the shoa liag mterial deposited within the

Iiii ts of the navigaLion claniel Iarid prestrr bel test sect ions was recovered

'il I neasu red vo rinet rica I Iy.

1

I
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tank. The tank was equipped with a system of valves and tubes to control the

desired discharge at the injection locations. Water samples were collected at

locations throughout the model with a sampling device identical with the multi-

diepth salinity sampler described in paragraph 17. Concentrations of the

samples were measured by means of a Turner Model Ill fluorometer (Figure 8).

S. (44

.....p.
S.t

Figiire 8. Fluorometer

Shoa I i rig i njec t i on

26. Sholnirg wais reproluiced inr the model I y inije'ct inrg grauui ated

(1/8 in. by 1/8 in.) rnylon particles. The speci fic gravity ot the model Sedi-A

mernt usedi i, thle enr rnrues i xeh-hed shioalinrg an-d scour tests was 1 .14. 'l i e



oceail had to he removed to mainrta in a constant volume and a constant source

sa i n iy. Th is was accomp i shed by means of skimming wei rs that removed a

Squant i ty ol mixed water from the surface layer equal to the freshwater inflow

to the estuary. Precise measurement of the combined discharge from the skim-

uing ,eirs was made by use of a Van Leer weir.

Wave &enerat ors

24. The model ocean was equipped with two 30-ft-long wave generators to

produce the effects of ocean waves on the transportation and deposition of

sediments. The wave generators were of the plunger type and could be adjusted

to produce the desired wave height and period so that the model waves would

move the model bed material to simulate movement of bed material in the proto-

type. A section of the wave generator is shown in Figure 7.

Figure 7. Wave generator

Dye injection and
meas urin&_e uime n t

25. Model tests were made to determine the flushing rate and dispersion

characteristics of the model. A given weight of powdered fluorescent dye was

thoroughly mixed with a known volume of water and then stored in a glass-sided

14
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0 I 2 3 4 5

Figure 6. Miniature Price-type current meter

constructed of a light plastic or metal material, were approximately

0.04 ft (4 ft prototype) in diameter and were mounted on a horizontal wheel

0.11 ft in diameter. The center of the cups was 0.05 ft (5 ft prototype) from

the bottom of the frame. The meters were calibrated frequently to ensure

accurate operation and were capable of measuring actual velocities as low as

0.03 fps (0.3 fps prototype).

Freshwater int low measuriri, deYice

22. Only the Merrimack River was equipped with a constant head tank and

Van Leer weir for precise measurements of freshwater inflows.

Skimmi 9 wei r

23. The mixed salt water and fresh water that accummulated in the model

I 3
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p.

Chemical titration equipment

19. This method of determining salinity concentration was used primarily

to determine the salinity concentration at the saltwater source (sump). The

equipment consisted of a graduated burette for measuring the volume of silver

nitrate, pipettes for measuring the volume of samples used, sample jars in

which to perform the titration, a supply of silver nitrate, and a quantity of

potassium chromate for use as an end-point indicator in the titration process.

The method consisted of adding a known concentration of silver nitrate solution

to a known volume of the model-salinity sample; the amount of silver nitrate

required to precipitate the salt contained in the sample was then converted to

salinity in parts per thousand of NaCi.

Sa I i n ty meters

20. All salinity concentrations for samples taken from the model were

determined by use of conductivity cells specially built and calibrated for

this purpose. The salinity meter assembly is shown in Figure 5.

• . 3 "' . CONDUCTIVITY

INDICATOR

CELL ,

ow

Figure 5. Salinity meter assembly

Current velocity meters

21. Current velocity measurements were obtained with miniature Price-

type (urrent meters, one of wh i ch is shown i n Figure 6. The five meter cups,

12
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* col lection vials by negative pressure from a vacuum pump connected to aj

* centralI mani fold, which in turn was connected to tubes running to each samp-

* ling location. This device enabled simultaneous sampling at all desired

depths at all sampling stations throughout the model. Details of the multi-

depth sampler are shown in Figure 4.

Figure 4. Multidepth sampler



Tide generator and1 recorder

16. The reproduct ion of t idalI act io in i the model was accomiplished by

means of a t ide generator (Figure 3) l ocated in ttie miodel ocean. The t ide

generator ma intained a differenial b etween a pumiped iutflow of sal t, water to

* the mode' and a gravity return flow to the supplyv sump as requi red to reprodice

all characte.istics of the prototype tidies at the control stat ion (Coast Guard

Station, sta 2). The tide generator was equipped with a continuous0 tide re-

* corder so that the accuracy of the model tide reproduction cool d he checked

visually at any time.

*Figure 3. Tide generator

'ide gagegs

1 1. P'ermi ieit LI y itioiit Led po it ga ges we re i tta I Iled ini the mode I a Lt tie

I oa-t i oris of the seven recordlimig t ide stat i is uised for -ot lect ion of field (

ide dataj (t1 i t- t) PortLahle1 po in t gaiges we re iised t o mea suire t idalI elIevatLi on

at ot tier po fits, as re(Il i red . Thme model gages were graduated iii 0).001 ft

0 I t p rotot ype)

S'iIIi t V ,fiil lV(. S1i pIvr

18. Wjtor --.trIcIs for sAnt Ail Aeaays is were drawn inlto

01



(cross section) 1:30,000, and area (horizontal) 1:90,000. The salinity and

% dye concentrations ratios for the study were 1:1. One prototype cycle (semi-

diurnal) of 12 hr and 25 rin was reproduced in the model in 24 min and

50.4 sec. Horizontal grid coordinates are based on the Massachusetts coordi-

nate system, and vertical control was based on USC and GS NGVI) mean sea level

(nisl) datum. The model was approximately 180 ft long and 100 ft wide at its

widest point, covered an area of about 17,000 sq ft, and was completely

enclosed to protect it and its appurtenances from the weather and to permit

uninterrupted operation.

13. The model was initially const ruicted as a fixed-bed model ; however,

provisiouns were made to conivert the enLtrarice area to a movable-bed model at a

later date when such studies were leemi, ucessarv. l.imits ot the movable-

bed section are showni in Plate 1. The model was molded to conform to the pro-

totype hydrographic conditions that existed in the tall of 1973.

14. The permanent model roughness employed consisted of 3/4-in.-wide

*. metal strips placed in depths greater than 6 ft below NGVD and cut off below

the low-water elevation. The use of these metal strips as roughness was

necessary because proper adjustment of velocity and distribution of currents,

both horizontally and vertically, in any given cross se ction could [ot be

obtained by the use of ordinary boundary roughness alone in the deep areas of

the model. The areas above -6 ft NGVD (shoal areas and tidal flats) were

roughened by raking the model surface during construction to provide the de-

sired degree of roughness.

Appu rtenances

15. The model was equipped with the necessary appurtenances to reproduce

ard measure a I I pert i nen t phenomena such as tidal el evat ions , sa I twater int ru-

sion, tirrent velocities, freshwater inflow, dispersion characteristics, and

slIa I i ing dist ri but ion. Apparatus used in connect ion with the reproduction and

measuirement of these l)hienomeni inlunided a tide generator and recorder, tide

gages, saliiity meters, sal initV samplers, chemical titration equipment,

ctirrent velouitv meLters, lreshw.iter ieasuriig weirs, wave generators, dye in-

jection arid measiiring equpipm nt, and shoaling injection and recovery apparatus.

This eq u ipment is described in detail in sutiseqiuent paragraphs.

9
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400 cc/sq ft, while the model tide was held at el +4.2 or high water for this

* series of tests. Two wave generators, each 30 ft in length, were used in the

model to simulate the effects of wave energy on the resuspension and movement

of the model sediment. The waves generated did riot represent any particular

prototype wave condition.

40. Trial tests involved the selection of material, the position and

operation schedule of the wave generators, tidal conditions, roughness adjust-

ments, injection procedure, and test duration. The procedure that gave the

most satisfactory results is described below. The model was flooded to

el +4.2 and held at that level until the nylon material (specific gravity

1.14) could be placed uniformly (400 cc/sq ft) over the test area. The initial

amount of material in each section was determined by the area of the section.

Each section's initial volume is shown in Figure 13. The final test was con-

tut ted with the model reproducing a tide range of 8.6 ft at the pit gage. The

elevation of high water and low water during each test was +4.2 and -4.4,

respective lV. The fre,:shwater inflow was 5,000 cfs and the entire model was

fresh water (ocean water was fresh water). Since the estuary is a well-mixed

svstem (very little difference in density from surface to bottom), it was con-

clUed that otwr.i without salt water in the ocean would have minimum

lt f( t on model shoaling test accuracy, and would further reduce model test

cost Fol lowing the pl Iaement of the material, the model was started and

atII oed to run the first tidal cycle without any waves being generated. One

wave generator was oriented to generate waves from the southeast (145 deg),

wh i Ie the second generator was placed to generate waves from the northeast

(48 dleg). Each of the wave generator's plunger and plunger speed was set to

generate a model deepwater wave amplitude of 0.8 in. (9.6 ft prototype) having

a period of one wave every 1 .5 sec. At no time during the test did the two

wave generators run simultaneously.

41. '['he wave generator operation schedule is shown in the tabulation

* he I ow:

l)i r'ectioil Period of
o f Wave (enie rato r perat ion

Clve Ic'lila I Flow Northeast Southeast

I Ehh No waves
F I ood No waves

(C.(omt i nlied

25
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Direction Period of

o f Wave Generator Operat ion
Cycle Tidal Flow Northeast Southeast

2 Ebb Hours 4-5
2 Flood 1ours 8-9

3 Ebb Hours 5-
3 Flood -7

4 Ebb Hours 4-5
4 Flood Hours 8-9

5 Ebb Hours 5-
5 Flood -7

0 Ebb Hours 5- Hours 8-9
6 F I nod -7

42. "i.,t, ,ie wis added along tile northern and southern perimeter of the

tes.t artea as it was de'jp leted from those areas. The model was stopped at the

,fii, of six Comp[et tidal cVc les (hour 0, cycle 7). Prior to retrieving the

nattcia l, a sketth of the shoaling anti scuur patterns was made and an example

Is shu(wII iII Fi gu ' 14. The shaded areas in this sketch, and in similar

.ket hbus )f individuial plans shown in plates, indicate areas that appeared from

v suril ,,hservations to he heavier than the original distribution (400 cc/

sqt It). T' cross-hatched areas indicate complete scour; no material was

trese'rit within the houndaries of the cross-hatched area. The blank or white

arias inilicate that no visible change took place. Figure 13 is an example

sliowi righliling and scout at individial sections for the entrance shoal ing

.iI sco(ur Verification. The values shown in Figure 13 were obtained by averag-

Irig the rsiil t s frorn two ideitical runs. Two runs of this test and all future

'lI ., tests we're' (Mile ti ensu t'e .an accurate reproduction and to discover any

ess lhe' error th.at might halve occtirred during any particular test. In tile

,,velit the' two) runs,- did not (hock, a third run was made. After each test, the

~tt.ci-il i et 1 1 set I on was recovered ild measr red. The percentage change

f rei the (e)ri g iI ilnieulit fer each se t ion was then edeterm i eed. 'his percentage

+, sfieewr ill iumtI Iknuelrr'IrS in th lower portion of each section, while the

,t igirIl V()l tIeo is s-h wrn ini tile rlple'r p(ortiort of- each se(t ion as i Figure 13.

.,'ctiols .i r' rlent tiffrel 1V the r'-ge rinnim ers in the (e'nte'r of each section.

41. F rm III 'xminat ion of Figrires 9, 10, and 14, and 12 and 13,
rltef'r r', tue ire t it' dlrove' pracrtgttFr.phs it cart fe torte I ie'td that a sfccesslti I"1

)7 .3..'
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shoa Ii rig 'Ind scollfr v 'r It I cit i Oil was alll e tor, the prttotvpe crIifd it ions; there-

tore the veri t icat ion s cons ilereil siificrienrit to ensure a viId Irdic -rat on of

t. tect s iroii p)rop)osed 1jl ns ol shoi I i fig antd scour i i the ent rance area. the

t IIa I t.it raIit, sh a i i rig In I i iitr ver i iI cat ion ries I Ii led ici t Ii s part of t is

rteport se ved Is the Iriss I S lI eterit Inliri rig tit' ef f ects o t proposed plarIs -

LII i I tt 0 >)s )tl thle

a _c ll ra cv o t i ino(l' I lncl si r'ellului t s5

44 Mi',isifremeni t t t i la I e levat i o s ii tht iiriel were made with poi o iL

gages gradi.it ', to 0.00 1 It (0.1 It prototype). l, ifirtatiouns of the current

v,'t)city \ iet ers rised ill tilie urdel sihoulii he cons idered I iinaki rig cl ose compa ri -

s,,li hi S 1 1 t Itt I IIltlcI I rIf rottot yprt velocity it a. I re cent.r I I re of the meter

rip s,,,> ulrrurt ().0)5 I t ,il vt'et the trot_ tonLL of the lrirane; tLetetore bottom velocity

I I r',icui emt f . iii t lo wIh' I were act uia I I ohbta i d at a l int 5.0 ft (prototype)

.uti, lin , the' tt )im Ilstt,.u'l of ihout 2.0 ft as i i the prototype metering program.

[I' Inhl I v, , i t I s r f r l ietr ini cd e ly count i ig the niriilu)er of revol ii ons ifI

I-si tt it t'rva i whi i f I pres e 'urttId a perio(I of atout 5 imin in the prototype),

Is tniji'ir-I ,wIt t ihilit ,I I -fil i f ohse rvat ion in the prototype. The horizontal

Slii ,,1,1 i ' t h,' -I)t I rv. int er (iti W hecl was about 0. 11 ft in tie mode] , represent-

Irfg .tlit I i tt li th' trot vpr', :is conihparel wi th less than 1.0 ft for the

lit it,,tv.', unit-tr. IlLhis ttt' lt stnnrtijun 1) area (uuodel to prototype) results in

,ir I it ,,t ,, tvt Ilit LveIcit ies with Imodel mean velocities for a much

I.Irgi .iro ' t . lut t itt' us trrile U r the vert ical ar-ea , since the height of the

Im.t t. r ip V5 ilirrit )1.04 ft (4.0 ft prototype) as compared wi th only a few

Iii tlie, t i t' it,ritotypt,' meter . Middepth measlnrements in the model were made

.it .a 1,, Tit 1t1ii v hu'twt'ern the bottom and an average of low tide and high tide

c. I '.i t I ()II,

An, All Iiiltel salini ty rmeasuremernts presented in this report were made

,it IT . nI hr.itel sal iiti y meter (conductivity type) and are considered to be

.i tir.it n wi t ii n (0.5 ppt in the higher range ann 0.2 ppt ira tie lower ranges.

Vl,' ,,It. I .riiim I is were col I ected at the bottoinr, riidepth, and surface eleva-

t i . Thi' cI iv.t i ,Is nit the tbot tom and mi dept I samplers were f ixed i i the

,1,I .iI ire,., riot .I! lowed to vary with tie tite as was the surface sampler.

I[Ill II I It .ri s ,l t' r s.rri Icts were drawn i nto vi a Is f roini tine three e levat ions by

rrr'.ris i ., '1 un sys t#r'rr. Simi lar to tite rnodel velo city data, the model

. i itv lt,.a 1 sn reliri.sent an average over a nith larger prototype area,

si Ii n' tfi' v. s. 1ru s.n) i rrg syst ti raser inl the imodel (I ew the samplIt'e t ron a

29
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.radius of about 0.05 to 0. 10 ft (15 to 30 ft in the prototype). The acuracy

with which the model (oult Id be cxpected to diupi iCa t Sa I ini t ies from cycle to

cycle for i dent i ca I condlit ions al)pea rs to be about +3 percent. t

l

n
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PART IV: BASE AND PLAN TEST PROCEDURES

Test Conditions 49

46. In order to evaluate the effects of the proposed improvement plans,

it was first netcessarV to establish hydraulic, salinity, surface current

patterns, dye dispersion, and entrance shoaling "base Lests" that depicted, 0

respectivelv, t he charcteri stics of these conditLions throughout the model

for existinrg cornlitions. Thus a test in which no improvement plan was in-

stalled in the model is referred to as a base test, since its results consti-

Stte .i basis of (ompalrison for determining the effects of improvement tplans.

i se' co, Iit ins t"s i ssted of faIl 1973 prototype hydlrograph ic condi t ioIs

hroighuit the mi,,Il, with the exception that the entrarice har channel was

lredged to the , ithiorizpd depth of 16 it (-12 ft mlw). Each plan suijected

to hvdrw,,li , salinity, and dye dispersion tests included the proposed new 7O

chltreI -e nl ipgment across the inrer har as shown ini Plate 59. The proposed

real igimnt channel was dtredgel to el -16 (-12 ft mlw) for a distance of

200 It on ei tier side of its center line (400 ft wide). Therefore all plan

test data (hylrailic, salinity, and dye dispersion) will reflect the combined..

effects "I both plan (groins, dikes, jetties, etc.) and channel realignment. -

nit race shollingi and scour plan tests were conducted with the existing autLho- ""-

rizelf (hinie l instal led rather than the proposed real igrment. This is discussed

i iolore let . i I in pa ragrali h 6(0.

47. All hydraulic and salinity tests were conducted with model coidi-

Lions ",I a spring tide (9.6-ft range at pit sta 1) aid a source salinity con-

Ientr ti n of 29.0 ppt. With tide and salinity conditions as stated abov',

hasp te'st Iata were obtained for three e'rrimack River freshwater inflow con- S
Ifitinis. The three freshwater inftlow ro dit itL iois I rui shed ty NED for test ing

welt': 2,200 cls (low), 5,000 cfs mean), ain 11,000 cfs (high). Dye disper--]

SIn and sura e ur'rent pattern base test data were obtained for only the

mean ( ,00() its) fre'shwate r inflow condition. All the test data (base andl

pi, nl sho"v.' in this r'polrt are for mean (S,000 'ts) freshwater inillow cridi-

t i n,, s. The, base tes.t dt a~t; result ing from conditions of Ilw anld high trpsh- . .

w.tr i t lttwn i tt' ritt iri lud hd in this r'port , hut are oIn tilte in the NEI)

ttf I i n.i t It WES. P'rillr to data -oI I'r't ion otf any type, the mod l was otn r- .
A t ed, fr i su Ifi¢ leput pe r c , il oft i me to a( h ieve a condlit i on of d yrnamic salIi 1i1ty -.'

II
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stability. The procedure for starting operation of a tidal model utilizing

salt water is developed during the veri fication phase of the study and there- %

after is tollowed exactly. The initial salinity concentrations are artifi-

cial; and the model must be operated for a period of time to allow salinities

to reach stable values with respect to time, depth, and location. It was

found in the Newburyport Harbor model that the best procedure was to flood

the area upstream from Deer Island (Plate 1) with fresh water and the ocean

and downstream area with ocean (salt water) water to the high-water elevation.

A barrier installed across the model at Deer Island to separate the fresh and

salt water during the flooding stage was removed and the tide generator and

proper freshwater inflow were initiated to begin the test. The model was

operated until salinity stability was achieved prior to initiation of data

collection. For mean freshwater inflow conditions it was necessary to operate

tie model for about six tidal cycles (about 3 hr) before relatively stable

-oliditiors existed, after which data collection could be initiated. To ensure

a higher degree of salinity stability when obtaining salinity or dye measure-

Illents, salinity and dye samples were riot taken until the model had operated

for it least 16 tidal cycles (about 7 hr).

48. Locations of stations monitored during base and plan test conditions

are shown in Plate 601. Tide station locations are identical with those in the

verification, except that three stations were added (1, IB, arid 9) to more

accurately define tidal changes resulting from any plan investigated. Sta I

and ,B reflect tidal conditions in the pit and ocean, respectively, while sta 9

is located in the vicinitv of Deer Island. tit sta I was the control station

tlr,ughout all t ase tid plan tests and was held constant throughout all plan

tost ing.

49. Verification of (iirrent velocities and salinitites was based on tihe

results of data o btained it 12 locations throughout the estuary (Plate 1).

lhis Coverage w.s riot silt ic i.nt, p.rticri larly in the entrari(e area, to give

a t(llplet' toriposite pictir' of the effects of any p ossib le tuttire imp o-erient

plian to 1,e test el,; there fore tie stat i on I ot.,t ioc at on anmmd iimm bel ing schenle used

truring the yer ificat ion 1h.ise of the model stidy was alh,.indomed luring the

testinrg phase for a sarmplInrg s theme th it ,oll]t bhttter helre the effett s of

proposed plans. [nuring the b.ise test data to llecti on ph.jse of most mode l

stLilies, the policv is to obtain enough data to detire .iliost mnr p ssihle

h,irnige that miglht arise following the insta lation ,,f .l11v , l y1, of

12



origh t 1 1, jt by ItLs Iins I t i i (it I s thell ti st'- i i tItIls moitde'I stLiity.
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expression that defines the predominant direction and percentage of total flow

at any given point. This expression was derived from a conventional plot of

velocity versus time at any given point. The area subtended by both ebb and I
flood portions of the curve was measured and summari zed. The area subtended

by the flood port ion of the curve was then divided by the total area to deter-

mine what percentage ot the total flow was in the flood direction. A negative

-) sign and a positive (+) sign were designated to indicate ebb direction and

flood direction, respectively. For simplification, only the percent of flow

in the flood diretion was calculated, then a value of 50 percent was sub-

tracted trom each t. Alt ulat ion to determine predominant direction and magnitude.

Using this method it of llvsis, ,A value of 0 percent indicates that flow in

both the ebb aid Ilood diretti uris is equally balanced; the ebb area and flood

area of the curve are equal. A value of +50 percent indicates that flow at

that point Is in the flood, direction at all times during a tidal cycle, while

a -50 percent value ut lat es f low in the ebb direction throughout a tidal

cycle. The table Anid pl.at is in this report use the above method to show flow

p redomiiaice.

Salinitit

54. BHase tetst s.t iittv ,liyt w ere obtinet it 4
-i Io. At i ois t Ihr iliun.-it

the model (Pl.te 60). 't P, l iii , I " I , t rm I Ii ig t If i itiliiber 1 'I pths

sapllled per lW ai -n i I-i .l(Al AM ilt[ il- t t I uirrv t vel( cit me asure-

we ruI' at 'i
<  
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ili, rt, thanl ,i 'l ia~t,' to de l fine <t~ l t e,' ,,i lt iing_ tl iiit the tll ,n'- , A.> . t I llls o t

.hinitV stit I ls r Inii ti n iliti"1s .ir,' .tihs, I!1 Il t' .

k)V r
> I ! I I. d tit ' r I n e I

h if A( t Iin I(> s "I t he' r'st"iI. !"I ,A single gene -i I l izcd .soulr(+ 1 , o Ili- t - l l

-nliiirig the iSt ,iiil Y. eti' t t st ir" rd'tiir-v t I st I 1, t it iii tit ifig ra ( tist- I ,i-
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i ni eI l c ntp r l itne at )H t I Bridg i n i New uryport ,ast. The dy I t wIt

lit luitiaJl (on(piftr.,tioHl ot 5 00,000 pplh and thle dv.l,:itv "Il frush walter (1.0)),

n. 1 I) ' it o tJ i t- 111 I i t A i ir ,t,.typ , r,,tL ,,I I0 .0 Ingd . li h iij ekt I 1'

.- i't I t . t .At -l, -y ' rs ,If (t t tI , sit tL r f liilt f iou sh t t i' isitijII fig

tl , (, 1 6. tidlal uyclevs). The' dy\e mixtu~re was cont.ained~ in a glass st. ndltip,

,I %, A.s IfttI (,,lilt, I ,d t .I (, onsta it rat+ P tIhr""g;h()tt t he' .- , ,Ip t in fl , p r i -t, t hron gi h

, 'I h 1 it I I it And the siind ip e . Prlt t'ii i iH tit'rl t ing dhU In-

.i, t't , 1ac I 1i t I i,-h( l I )et ' i - h I I i 1 r Ii 1 ) 1tt 1 1 ti

I I list . ( I mi1, o I Di it I i L' ies Le i e ii tl duat each I-a-

', x c . i t'! I ti' w ' ' ttli' ;t ins l t' ci' t ie ht It ii tt I I l t I -5s .r
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A,, 1,1. t,,. t s. Only surface{ andH hott,,m .samptles were obhtained ait eachl loca-
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57. All aesurements were plotted on semi lugarithi gralph paper W

make a detailed analysis possible .it each samplinj pg oint. \t stat ins locwatel

near thl release point there is a del inite i cease in poinmt s(atter This

Is attributed to the fact that considerable effluent collects inear the o utLiall

during the injection cycle. [lhe heavy, visible concentrations of lye cl u(Is

move away with the ebbing or flooding tide and form detached areas of comipa rai-

tively high dye concentrations for several tidal cycles thereafter. For this

reason, dlye concentrations measured at points 1.0 ft apart in the model

(300 ft prototype) pan and do differ greatly. This same phenomenon undoubtedly

occurs in nature and is probably responsible to a great deg-ee for the reported

difficulty in the analysis of results of similar full-scale studies in the

prototype.

Surface Current Pattern Mosaics

58. Surface current pattern mosaics made for base conditions include a

portion of the Atlantic Ocean, the entrance area, and portions of the estuary

,ri either side of the navigation channel up to and including the Route I

Bridge. Photo coverage for plan conditions did not extend as far upstream as

did base condition coverage; however, the coverage is sufficient to define

,liv changes in surface current patterns affected by the plans. These mosaics

were used in evaluating proposed channel realignments and effectiveness

plans. thu mosaics also provide a means for current velocity measurements in

areas to shallow for measurements with the velocity meter. Surface current

pattern phitgrA:phs were made for mean (5,000 cfs) freshwater inflow condi-

59. Ieh, mosa i s were prela red from t ime-exposire phot ()graphs of con-

let t I f lI t ig on the water surface. A bright light was flashed immediately

li ,o- , the (amia lens was closed,. resulting in a bright spot at approximately

th e onl I)1 ealh ,nfet ti st reak that indi cates the di rect i on of flow. Current

wrlm itips ar i h dete rmin d ifrom the pho tog ralphs by measurinig the lenigths of

th," tHfe tt strca ks Ani comparing the lengths with th velocity scale pre-

qen ot , In , mih ni,,.i(. - htogrjlhs were taken at hourly (plot otype) intervals

t i r-, ph,ut A k,,miI ,te t I ,iI ( v( ' . riuar (it rniti pa! tI L ern l so a i s t I base

I> or lit iis i , s ,t i n 'h,,t s 1-7
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,il so shown in 'rfib I 4. Shaded sect ions are areas where the vol ume rcovrt"d

was greater than that recovered tol lowing base test; and crosshatched section

ire areas where. the vol ume, recovered was less than base conditions. .

72. ShoaItng inlex cal culat ions were made for the iavigat ion chianl'

oily Anrl A re shownt ini Table 4 and in Plate 152. Data in 'lab Ile 4 show that thf.

shoaling ridex for the navigation channel was 98.5, or a reduction in vc'rll

shi lin g of 1.5 l'rcent, well within the limits of accuracy of r'pe(ating Ig

ideritiral tests. However, the patterns were changed signiicantly (Plate 152).

[lie large peak sioal located in section 6 (12.3 percent) following base tests

w.s reloatitd sceiward to sect iot 2 is a r('sult to Plait 1H arid was reduced to

,I I it,' of 1) . S p'r' cnt . Sect ions 8 anid 9 scoired completely, in coiriparisori to

sloa linrig of 4.5 perceit AId 2.9 percent, rtlp'ct ivelv, Iront 1ase conilit ic s.

iuring b t t.sts, two peak shol.iIs leveloped on the inruler bar in sections i'

15.5 perent) .l I (6..7 l'ur'cnt I). rhese shoai ls were much lieavier as a

result of Plan 3H, ,irl ,re r'lot ated upstr'am to sections IS (I 10.0 percent)

inI 19 (1.9 I)'ur it ), rs'..,t ivelv.

73. Chang.s ,it th aliove two .i r'.is i i ie navigat ion channel were t lie

mnost s igni i i cant . Hlowiver, (orns dltir lIc scutir'inrg occurred itn sect ions lo,;ted

hetwen thl(i Jet t i es, both in t h' nvi gat ion chariel and idjacerit sect i ons .

Scott',trig in aIjic tt sectiotis was pri mari ly north of the channel. A rathu, l."

hucivy shotl r hb r ilso level opel immieli ately south of the ch;ainel i 515 -

tio>s II -114, .14-016, ind K16. Sectiis located along the niurth b ech of

Plum Is lit (sect tions Glb-I8 arid 120) were slightly higher than these

,Isrvf fIrom base test results, indicatinig that this area would hive A ten-

,hc ( t hSl.i I is a resu lt (of Plan 3B. Very little change was observed i t lie

t i ih '.is , itII o lso re s..t ot i ns n()rt If and south of the respect ive jettics. lhe,

hiAvv bit r o s, it oft slre otn the leath norrtI of the n(rth .l etty %..as

sI ight Iv less t hin tht ols irvei Or bi.si conidit torts Also, no sign I icarnt

fIiurige wis obsfir e i t I,!'-; t I ion ot P nn Is I At 1 P 'rtit

P'lan A(

I", i a. I ho' t glut s

I' . Ihi' ,If i '. I I' I .i i 1 i ), foot r I v t i ( I; I I h i l I s a t 10 1 o t It i I s

l,, i',, ,u t th, ,t.? . 1 .inf' . Pi I I tes 65-58 . lh' witer-level prot il Inis

.h,,i IHi I H,'c !' J 1i' t , it, t i. i x I mum et i( t s "t cuir'i.I it sta 2, 4, ainI 5,
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Maximum and average dye concentrations are shown in 'Fable 3. The hws and lws

average dye concentration profiles for channel center-line stations are shown

in Figures 18 and 19, respectively. Data shown in Table 3 and Figures 18

and 19 reflect the average concentrations of all dye samples obtained through-

out the 16 cycle test period at that particular point.

70. Both the hws and lws average dye concentration profiles show a

small increase. The extreme high concentration observed at the bottom depth

at sta 38A during the lws sampling period reflects the effects of the deep

hole where the station is located. Other than this location, there appeared

to be no areas in the estuary where an unusual buildup of dye occurred. The

maximum concentration was observed at this station during cycle 2, hws sampling

period (Plate 146), after which time the dye concentration began to decrease

slightly as the test progressed. The hws dye concentrations at almost all

locations increased throughout the test period for both base and plan condi-

tions; however, very little difference was noted between base arid Plan 3B

conditions. The lws dye concentrations at the majority of stations peaked

about cycles 2 to 4, and thereafter remained fairly stable throughout the

remainder of the test for both base and plan conditions.

Entrance fixed-bed
shoaling and scour

71. Plate 149 shows the results on shoaling and scour by individual

sections with the model operating for base conditions. The volume of material

recovered in cc's following the completion of base tests is shown in small

numbers in the lower portion of each section, together with initial volumes

(cc's) in upper portion of each section. Plate 150 is a sketch showing the

shoal i g anl scour patterns that developed as a result of Plan 3B. Plate 150,

when compared with Figure 14 (similar sketch of final verification and/or

base test), shows the effects of Plan 3B on the shoaling and scour patterns.

The data in Plate 151 show the effects of Plan 3B at individual test sections.

The values shown in the lower portion of each section represent the effects

of the plan at that particular section and are shown as a percent of the

volurme remaininrg after base test. Values of 95 to 105 represent areas of no

change from base conditions. Those areas within +5 percent were considtered

not changed or within the limits of accuracy of repeating identical test of

this type. Values greater than 105 percent irdicate areas of shoaling, whil

valies less thanl 95 percent indicate areas of scour. These same data are

44
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Of, . Plain 3M chin'itged the predomirnant flow direction at several points .

(igore 16). Sta (A surace, and OiA middeptit were changed from a predolintant -

t lol It rirt- t tor to a predloi riarnt e dir e i Iut ion. Slta 3A surface depth was

chatnged f rom albout H perunt ebb ipredominance to a balanced flow condition.

Fl o, pretlorrinAll, v i rout ions at sta 4A were changed at a I I three depths, wi tt

the lot tot depth ret louti g the greatest change. Flow predomrtinance at this

pot rt wentt twirl A 9.3 percert ebb di rct ion to a .3 percenit f lood di rection.

Lath ,a t the agove stations is located in the mmediate vicinity of the plan.

- e''ilitinLt filow dIreutions were ;also ch;trgled at sta 38 bottom depth, 51 bottom -

d'tpth, And g C iidlepth and bottom depth. Althouglt changes were present

_ t trotglhtut the estuary, ntoie were as severe as those in the immediate viuiniLty

i't tIre 3i( n. 'lthe gnveraI trendt upstream from range 7 was towarl a stronger

V7. The elects ol Plan 13B on hourly salinity concentrations over a

, tpl tid.,I ucutl at 29 louat ions throgtghout the estuary are shown ill

Plates 90-118. Ave rage sa i tti ty concentrations Are shrowr irt Tat) le 2. Average

sAlniitv ( entril lrt rat lrs (averaged over a complete tidal cycle) were slightly

higher than it,e tiri i iris, particularly at the bottm depth. Increases

t',trigr'il ti'ln ,lA , ut 0.3 t() 0.5 ppt as slt.Wn in F-i gure 17. The weighted averages

hlir pll sal initv uointueitrat ions were higher than base concentrations primarily

Manii'rose Qt the etlects iof Plan 3B ott salinity concentrations during tire lws -

lillt (minimum salinity period). Minirmum (lws) salinity concentrations during

thii i, Ia I yuo t f the tidal (yl e were generally I to 3 ppt higher than throse

uli:;er'v,d ,liri ng the same peri,-d wi t base condit ions installed in tire model

wh i I rrrximum (hws ) sl it it y iuonc'ntrat iins rema i tid relatively uncthanged.

8. Th' n't.lhly high s;al inity conrertrations at the brottom depth at

stA ASA tr loth base AinI pltn ctndi t iors were due to the locat ion of this

stat Ion. St.t i8A was liurted illi t iep hile in a hend of the river and would

never (rm pletely flush N eIar it salt waiteor lituring tie ehb t id e is did other

st it r oiris I tilte e lti t reamri ani dowrrst fi l I ro this poi nt . Sal initv uorlcett-

! it lli's it this l t(itit t rllieil rext't itndIv high for ill tIre plans

I nv'",t g .t til '

SIv ' ,I i :.pi,'rs rl

W). Plain M8 lye lispersion dat. ..r' obt ained At 30 lo(,ttintis thriu ,itt -

the 'tu ,r' i uvr'r .o A trertiod it 16 tidaul \,cl s ant are uhiwn in Plates l1q-148.
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PART V: TESTS RESULTS

Plait 3B

fiLIl fheights

64. The efft ects of Htll 3B ()[ate 59) on hourly tidal hei ghts t 10 1o-

tat ioris throuighout the estuary are shown ii Plates 65-68. Plan 3B had very

siaII effects oil t iie of oeCrirrence of ei ther hws or I ws. Figure 15 sh,,ws the.

I. tet[Ls of Plan iM on high-water level , mean-t ide level , lo,'-water level , aid

t i 'e range. Pl.n i caused a smat I rise in low-water levels thro||ghout the

t.sti'irvv . 41 III even sinaller lowering of high-water levels, thtus resull ing iI at

d'e'reisef t Iih' ralnge. The maxiiuim change in tidal r.arge arid tide levo'is

''t it' it .t HiutI hr's Toothpick (sLa 5), where the tide range was rethitef

I ,m 'L. to 8.4 It, ,idI low-water level was 0.4 ft higher thaLn hase (o-olit ions.

e ( tA :it otlhe r stat ion eoat iors were eit her less lan those I t st a r r

w i t it t lim it i t , oI accuirac'y of repea t i ng i dent icaI nohle I runs.

C I) I I t ',-

f I l.n 38 e tfeIcts on i r I y current e I ocit i es at 21 1 oca t i rIs

tir,,i igioiit t l etstu.ry are shown iII Plates 60)-89. Table I shows the rt ferts

IL ht- 1 ]Iart (,1t f low predOliri malrice . Smtn -acc ctiirfriott patrt' rrrs are sh)wrn i

'hot ls 1 - '1. Si grI f (ant chririges ot rrred at lorit iors ili tie iilllnl'( 1te

v tint it v of th 1w) .i n. Ma x irrum ebb ye Io i tv ifn(reass were ohserved it st . 2A

trol iA nd werc as fot lows: 2A surifacet; , .1 IIps; IA itiddepth. 2.7 Its;

2A 1)( tt)n, i. I tps ; iA suirf;I(e , 2.4 tIs; iA ri'l'l epth, 2. () tIs; ind iA t,(, t(I,

2 . ps . Phart IsI l l ix i irur efhh ve I or i t i.s a t t,.( 1 oft thest t l' , .. t Ilw 'i t I W ,

Int ext sa." f' 6.() t s, int'l re , t ,rt l , r r i xri rimul of1 73) . on t l .i, i I r i t

st. I 2A. The Y ',r tr'st irtt ,isr's 1n III.IXI111 it1 , cii ret t I i ' tie

;Irfinr . rnl! ni fl I elt't t(; s It st. I A r II,1 4'\. 'l.;ixtItIIr I I . i t ' 1 '11t 1 t

* s :t A s i er stt I I c' it( fe s' ft 11 III I f1'a,-1 Ii'' t I tn

-2 Ij s .ifnlv 'im t ,l i f I r l'ri .i t11 I iV It I , I i rilt I . I d i I i

f , . e r r t ' I i Ii x' 11 I 111111 i t I ll I I Ir
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l'rt ririce Fi xedl-Beil Shoai I i rig arid .Scoir, Tests

60. [he procuedure isedl l]iir i rig Life tilt i'(ii( I i XCel-led shoa I i rig aind scoiur

[)I all teSts wajs i deilt i (-;al withI the procedure described for tife I i na I vei r i ca-

*t i oi ( pairagriphs 38-43) t lie onl Iy dIi Iftererice be infg the jular ilat LWas he i rig

i vest i gatLeud at t hat t imue . P'ri or t o comp I et. i rig the entLranice I i xedu-beul Siloi I -

r1 a1nMd scour ye VrI t Ia ('t LI ()it NED o fI. Ice dec,( i (ledi to conduict a I I slioa I i rig arid

* . stlc p1 1 di tecsts w iIt If the ex ist i rig atho r i zed chinne I i nista I ltd inr thIe mode I

i lis t eii ofi L he( puropos ed new a I i gilurlent irs ed dirr i rig t he ivd ral Il i c , s a I i n) i t y

aid ly(I(1e (Ii sliers i onI pI aII t estLs . 'Ile refIor e a t I he eiiut rairce shoalI i fig aidl( s(-oulI'r

i I I tes t " ,ere kororI I(Ict el w ithi t Ilie nthi bor i zel ( chanIllel I uulst a I I ed . '[le shoalI

ext'l ti igy i inbc t lie aut hor i zcl chaiann I over t lie, i fner balr wds rerno1veul to

cii roj4( t (lI'l pt 11 o) 1 It It ( -12 1ciii .

0I . A fii it ii mim () f t w o i lIt-n t i c 'a I i'r- wer Ia I v ( - 11d ''i t I I U''i Ch p)11 i i iriS t I I Il

ill t ic 1odel . F( I I ow i i g t i e tes t s, t Irie re s ii ItLs were averaged and compiiare'd

witfc the baise t estLs resulfIt s I( linil yen licationi) to determline effects result ing

fIc(Ili t 1wi ('(ist Ic jonL iol (Itire1 p ln Sketches of thne resiult inrg shioal ;Iard scour

* - it termis were- 1)ol e I o)I I ow i rig eajch test . 'Time- lapse movies were nmade for base

.inid thn' s ix m1i1jc1 pl ii 1 ;If '101 i t i ((115 Copies of these fiilns art onl file at the

.Iernen tf s -o I P1laris

02. I'.i eveni p1 arcs %,ere i rvest igajteul in thne miodel , six of whiiclh Were

ttst el ('Ixtrus i' I . Pllirs Bi, C, I-, B-13, arid E,-FE (Plate h4) we rt obuserved

* ~~vi siAIIV Inr thre ciodc Iaild later phiot ographled to i'ecorid srrface cuirrnenit

1 .it teris. N, I uirtlier test s wire ('((iducted wi tli these part iciiIan' p iris.

F.,i I ()%,I rig t tic vis.u-11 ob"eivit onis irolt a Ivs is of srnt alc e c[r In'cr')t 11,1t t erril

pi')filr the. above pilrs, tlrt' plins Were citlier eIill li I 1it el , chminrgu'd, onr

111 ((nli ci'( . 1'lu(te. 8-312 sh-rs s Iceri (Iun'rr'uut pit terrus, or' the above pkiris. Ni

illithcr ruilI i' I,( thc'ilv 1linis wvis imretijkeri l, this t'fit nc d ni, us

icr cc cici i [I' iIll,, qrn ,I tcc ii .icu icpic~~' t

I ''d sc tic1 ''t 1i 1 c 1'u 1u;: .11 Iy1 I gucul lcr's 'lu' i ~.1t Ic ( .'clu .1 11 ir1 i' i2

cr.1 1d H , 'c IC , 1 , J it- 1,1 1A 1) 1 lit' I i r' ,l's I gucul I t iI Ii ug thlin' Ih

.rrll I :,c c I .'c' v I I I~ I.~i'~ c c'uu ii l c jcuic t'(,,I ti 'xt I vu' cu 'li i tI ' t I ig
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respectively, while minimum salinity conceiitrations at sta 6C surface, mid-

depth, and hottom elevations were 6.2, 4.0, and 3.8 ppt respectively, higher

than those observed during base cond i ions. Minimum surface and middepth con-

centrations at sta 8A were 5.0 and 11.8 ppt, respectively, higher than those

observed during base tests. Thus a substantial increase in mixing occurred

at sta 8A during the time of minimum salinities. Although these very large

changes occurred at stations in the vicinity of the plan, there were generally

very little effects throughout the remainder of the estuary, and especially

at statons located on the channel center line, as shown by the average

salinity profiles in Figure 22. The overall trend was toward an increase in

average salinity concentrations.

)ye d ispers ion

77. The effects of Plan 2C on dye dispersion are shown in Plates 153-

182. Maxnimum and average dye concentrations are shown in Table 3. Figures 23

* aind 24 show average dye concentration profiles along the chanlne center line

for hws and Iws, respectively. As shown in these f i gures, average dye concert-

trat ions along the charnel center line were slightly higher than ihose observed

for hasp corditions during both hws and lws sampling periods. This trend was

typical for the majority ot stations throughout the estuary. There were no

noticeable changes in the arrival time of peak concentrations nor were there
- .ily unnistiaI areas of buildup.

Entrance fixed-bed
shoal ing and suor

78. Plate 183 shows a sketch of shoaling and scour patterns that

resulted from tests conducted with Plan 2C installed in the model . The base

test shoal ing arid scour patterns are shown in Figure 14. Plate 184 shows the

Stiect s fI Plan 2C in percent of base tests restiIs for i dividual test sec-

titns. 'lvrhlI 4 contains the above data in tabular form together with stoaling

indi es for the navigation channel. Shoaling index valies for the navigation

r I,' .re r also presented in Plate 152. Ito shoal ing index dat a it TablIe 4

* s,,, th. t (verA ll shoaling iin the navigation channel ,wais redticed t 10.5 per-

,1'I It ( lt,,iSlH with hasp' test rusIlts. However, the peik shoal (12.3 por-

''i1[ 1 itIl'r I ' )f tilt, tt l tter h1r during bs , tests in s tI 1. n (h w.s itur-e sed

,, !+ r , tt ind re .ate, to sectt Oln 5 .s a (estilt ,t 'l.in 2C. rt1 tti

,,h ~ t H I i n h.tne I sho In in c ,g o rrvt over t he i jit r ha i n the iinli'd atC

. t, t ti h ) t. I t h e e ittt I'oil of c s t Io ll Ii,, .11 the 1Ii~nn.l

I.

1.
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sectiois bet weern 12 aid 26 were lower thani base test coid itions. The peak

shoals occiirrig duri ig base test ('nd1itionis at sections 13 (5.5 percent) and

18 (6.7 piercert) were relocated to becomtie a single peak shoal in section 1M 0
did were reulid't'lto 5.3 percent ol- base.

7N. ilani 2t liii very liltle I'tffect on siioaliig aid scour rates or

p atternis either iotth of the north i , citt or sou ft of the southi jetty. With

rs'ect to the Iasp conition , sect isIloca ted alIonig ilt' rorth beach of P1lunm

Island siioaIt'll with Plat 2C install d, with t itre except ion of sectLioris G15 and

tl1) (tHlit' 14). Sectiois iitimmediately souli (It the navi galtion iannel1 in the

vi clii Iv o ft' i" riit'n ne bar ( sectiois KI1 to K23l) wert' eititer unchanged or

- oii-,d as a creu' lt Itf Pl in 2C.

Plani I)

So. Ti' t'tff'cts of Plan ) on hourly tidal lieights are show i

I'l itt's 65-O . Fi r 25U shows high-water lv('V'ls, rtrcan-t i te leve ls, Iow-water

Iev ls, dirr'I ri', of tide profiIt's coristirlted from Pl1arn I) data. Watt' r I'vtIs

ilr the ienrtriice .tre'.i tiil ri pst a ';iii to Route I Bridge (sta 6) were slightly

i rhcgti thiri w"it'r leveIs obse'r ved for base corlditionrs. Low-waIter l'wels urp-

streatiir iolit Roiiel I irilge wer' Iowpr' thian baspt while i ghI-wate, levels re-

irAi rte unir lirigun or s li ghtly iighter. lie chniiges ini hi git- aid Low-water levels

i's"it,'od it rr nias il I increase i in ti(t' ririge thirogiti t tIlt' estuary,

t~ln r ri' ll I 5

81. hli. e f'tts o't t I) ont hourly curr n'it velocities are shown in

I t'sl , t'i- i , . Flow l o'lit)niinii itce catIci lIitionis are plrest'rd'i l ini Table 1. Slr-

tio t r iit lit I 'rrIS ;rt sh' S i nt Photos 43-47. 'r'pdrriiiianre of [ low proi-

its t t lui 'in n'ti'r-Iin' stations ire shown ini Figure 20. G'ne ii lV,

t i, di'' lllii.i lle r 1, trli r he chtm rl c'rr I c c I i i u wIas irnueneased s I iirt I y In teL h

.I, qI A 1 lri A s l'iv ,l wit It t ' two nr'vIorrs 1llis , i iitiir ctlliges

lit ' I in to' r'. Ii it'' ,i (liilt ,'- titii' Ili . lT' gre ,tu'st (hi litige i itn

itI t , h ,w t , t 1, 1 ti .It , . 1~ ')tk , ,t11 , ' l ,t ll ' I- lllli lll , 1. 1] p ,," ( h~ l ~ 't I ~ l| ,
• I'' l -'[It I lo I'[ c, l -w+ilil~ 11 1k 1 t, .1 I(). h t+ e n't l t f'b h lit e to llll,i11t te . T h I

'. l,,, r-l ., i ttl,- o il \ <, vt I I ,' i ., 1h 'I i l , t, 1 Iilu .] llt 1i~ t ctI lt l o n i, t lld lig e d l.

Ii i . i .i i ,11 'A i, lI i' l trir Ir in' l frlin dt t ' I o -

1 " I n, 1" . . ' ' it, t '_ "I" " ri li -urn I I I e ( t I o s Fi '
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locat ion contirueI to be preIomi llant in the ebb di rect i on hut was cons iderably

less than that observed for hase (1 condit ions.

82. Both eh)h aid f I oo d iax irii cur rents were genera 1v increased a

sma 1l1 amount in the ent rance a rea . The greatest increases were at sta 3A, 5B,

and 6A, and were generally about 0.8 to 1.8 fps higher than those observed dir-

in base tests. Increases at other loca tions in the entrance area were gen-

erally less than 0.5 fps.

Sa li nities

83. The effects of Plan 1) on hourly salinities over a tidal cycle at

29 locations throughout the estuary are shown in Plates 90-118. Table 2 shows

the ,IIects of the plan on average salinities. These average salinity values

were rise'd t o plot average sal inity prof i les for stat ions located on the channel

(nit vr I i ne. The profiles shown in Figure 27 are representat ive of effects

throighorit the est nary, as P"lan 1) average salinity concent rat ions were lower

than base tfhroiighiorIt the estuary. Generally, the decrease in average salinity

oriteitrat ioris was fairly con-sistent fron surface to bottom, with no particu-

Iar dtepth having any si gniti cant (it ference trom the other.

84. The decre ises in average salinity cor'entrations were influenced

primari ly by the decrease in minium sali ini ty concent rat ions (low water) since

maximum si linity onceitrations were changed very little. .M i niImin sal i ni ty

oricett lratols lit the ertrarice a rea (sta OA-81)) average abioit 2.0 pt lower

t hln Vise Iver'ges . The greatest decrease occur-rel at sti )B, where HIair 1)

f l.j irr~irriiir s li iiitty conrutrations were 7.13, 7.6, and 0.6 ppt (srirface, mihiejitt,

11141 trottom, reSie(t ivelIy) lower than those orserved tIr Vase coriitions. i (Ii -

rrmirr i I i ri it v tio cutri t rt (irs ilpst ream Irom rang 8 (e st t 1)\-fr)A) .iveiigeld aoit

() . 7 l1t LI mw .r ti iii I t s , or l I It I [i s .

sIv. I1i sst't r Si2

. 1 h,' I' I 1. , t Xi i I) I Ii - I V I i o I I, r' shirwri i l Ites II s -21 .

li, 't III I It I t I. I I ' 1 i i ri rI nuu . i''l'rig ' 'Iv r 21) -r'r i c Iri it( rii s ,irt' i sir

SI , . t , cI It I - I r I I - t i, I . I t o 1 ,I ,' :, 1 1 e.'s s-iripII I I g j ' ( ts

t,'-t, I t I .I In' hlit . jtili, I' , I !,,' .>-I tnh, .tr' . v'ir wea.ik trni! t)rw.Ird

in; ii ii In I, I V.' 1% ' iii r it Irm!, nit CIliigl, -rm.] I I'- r I',in - 'r(' 'vi -
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Filit ilir toii, it ii)i peitk slio't I lu(.ittt i[Ii te( t i ol 18 W'. lotit if f ectcdilas l1111,

f Iw.tevt , I. hert c ais ,a silri I I i It( t-ast' mil a ski I ft lips t rtaimi

104. Coinp'l f i soli II slia), I aInd Scor pit tern s ketL crutts s isrlIi in F i g I rte 14

hlist ) id ( i ii PI itt e 1H4 ( 1) 1n till BE shiow.s t ha~it cori iiera h It, scoutr i fig otirrit

b ie t he ~l it , uittcr 1,0100 fA t thei jeittt it's . 'Thli s s ku'tL(It ( PIa tev 1/4) djI so shu)ws

haI'lt t tic 1) 1 111 had v t v Ii t t I e t t I trk t i it I( i area s [to rt It mrid sou t If o f t fit, r e -

swt I ive t, t t It. fw 'vi hir, ,s I I on 11 i the I( (I t fter ha r, ajs 1 1iliitel 1) v~v I -'

gait I (m Iliii[IelI s't,I I I ig r id Iu (s ,sit I Iteld ,riardl'. [i s ,,ke LthI .1 I so nh it]

it (,t ,l it vei trvI Iit t Ii it' 1, iiie p1- reals I tstii iltitit (litlitit'f I ontlri2)

l0' -klte I(sh s tij f ew i ts IPa l ill purrtrit () t hsf' voIliiis

[Idi ea I it iv li I set~kt i ()[ I hee 'lit i sho)w tha~jt ill i [I Iilit stun-i r ig wmil I i it

1) 1ial fix

Fi1. I itt g 1ts

I h I lit,( t ts t I Plit [I fi( t itlal IteI ghit s vt' r- a t i! rv cIe aire

Ifh t i i: Ili tis 2 1 -220. Pici e, t ts I the litl aIt wetc tio sIi gh t Ilv lt'rreaseu

hI ~w er I evcIlst ink I I(i Itit lwwatecr IlevelIs . F i gure 40 shows Ltid(IalI

li-ij it IIt's, 11 high- , iiewiii-t It', iii Io-ae levi' Is mtid t ilt' range f or

Ii I I I I : w I t i P I illi fix . A\ sIs I wII I iit Li s1 1 i gil it , t hit g rt'i I t e t t, t e clts o cr-

tn til II .1, t fie, I , a - t t I i rt I i 1i t lii' i riil I ' t n ,t t1, it' t , ']rt' a It s t '] 2 , 4 ,

Ii II I. I st I levels IIt 1t. 2, 4, aid ) Were0 0. 4, '17 .iI 0.8 1It1 higiltr

1 1.1 t hi ,c tilt(1 t I m:;. L ie I i v . IsWi t ,rI evils ( 1 et I 'anim tve -i-i'lhiltit

rIi [I ht lighe I t 1hi1tri list'I, l ~ I I t t1 i, lig i-s 'tI'I evis ave IgI i lif it I . It r e

I I I it, I it iri tlir Ig Iit theI es ta. I lI s Iir tu g I hI I g kIi-t L t r I(i

Ii Ii i I i i

ti I

T i I i
j t " li t i i lit
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Irlticated bt y tlt- pirt i Ies in Figure 17. Rather surprisingly, the only harig's

it mixing hj ract eri st ics durring the periodf of fin Irimuin sal i Iflit ies III t tIie en-

trance area and lower estuary occurred at stations well away from the p1 an 

(sta 8A, 8C, lOC, and 12B).

101. Maximuum salinity concentrations were generaliy about I to 2 hr

loniger ill ,furation than those obselved dLrigr base tests. The overa I I ef fect

ot Plan BE was to cause a small inrearse iI saI i iI tv coricerit rat i oils throughout

tire estuary.

Dyr, dispersion

102. The vffects of Flu i BE on dye di spers ion (dur ing a period of

lb tid.1 I cyc les at 30 1ocatiolts throughout the estiuary are shown iTT Plates 304-

3315. mixillnllrll and iverige ,lyi (oirt'iit rations ire shown iii Table 3. Average

dye.' conenit rat iol profiles fotr stuiti ris loeated on the ceiltt'r line of the navi-

g.,troi chainn I are shown in Fi gu res 18 and 39), hws .inid lws, respectively.

i)vur.r II, thr'ri' were r io s igi I iit ,ilriges I iti (I ,I' ,lispersioi as a result of

''st ( oIII(tI, l t I 'l.irn E IInst.l ld'd ii the m o l . Both tire high-water and

lo Lti *Ivtigl , tt t ri,'it ()I pr I jlo l, , i ,,s I stat ions lomcated on the chari-

lit- trit'lle fI lil it ,1 i0 I FI ,ltt .r , teik treid tow.,irI , sl I ght reducL ! t ol i i dve con-

,'Itt It I l' I iIl th l 'i t I.I I ] i ti',i t I m No , lm r p It -1 fi ll i a it c rease ilps t realmi

I ,, irt rI f . Frk ,lxi' 1 ''i i t J 1.1 ins ,I .i I i .x l t ilt' if siiiie were essiri-

t ll 1% ,lirh. ung'' jy ii' i 13'. lFI' lit I eI ru, it el ')ttte(, base arid Plan BF

e'l ' II'ut rltrt IrIsI wt'r- ' r ( s-n I 1 i rigri i cttt ' ir.t Il' ri'siil- t s ire ()rsi'l're'

t I f t, i the I ii its t ,ice 1-,1e 1, t r ,iit IrI I ig twit(, rIr t I) tests.

Ft la(n t. ixel-l',r' sh,. I ii arId s, or

If) 3. dl'i 'I freI. t " o I t ]1K 1 1 ' i i 01 sIlui ,I I g rll si (1(1 1 it th '(' rll ai n I Ii'

foWilt ITi 'able I 4 arid1 i Ill r' f, 334,M i i nt Il 3 V'). Shoal to IIg IIinIex vIbe finc" t

li Il. tu IrIg t II Il uh. I Il I ' " I ,' -, Ii LI Wr',t 11' .I I I uI .i Ij l ' l it) ,1 Pi I late C 3 3 -

I i, li t I . linT'.% I h t I I 1 T' I i jI t I I t I I I I i I i I fI 3 I I i .u3 / I . 0 I' ' I

i .. !. , , i,, a, I , i i' w I use Ifi . ,' li 1 '. 1 it l.f I m, I ,'. I wr s 1 1 -

t.3, t 'I ' ' t2" .1 [I . '. ii 1' ii ''. 2 ', -1 1 d o!, ' I .,1 I v

t .. T i-, A, t , 1 1

•~ ~ I ' l .1_1 11.. ..1.. - _ : 1. 1. .. ... .. .. . ..1 1 l i t . 11. -- .-1.
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100. The ci fect s ol PH.1in bF onl boot ly sai it y concentrations at 29 lo-

caL iorts t frougiioiit t he est iajrv .t re showii in P'lates 242-270. Average salini ty

,ofn-tnt rt ions acre Shown III labia' . P oo tI Ies showingty average salI ittity c-oil-

twilt rat i ons at st at L ins I oL a tel onl theW cter I I t Ile ofI Lte navigation channel

a rei shown in1 I i gre 17 . Genro c I Iv, PlIan lBE had ye ry I it tle e f f ect onl maxiitni

sal i 11iit r es Ihwsj itt (IlId rusniI t II I itici (,Isiti Ig t fe Iiitiit in salI iii ty conicentra -

Lt outs ( Is) . howeverr , injx iiiumnrriI a iti t V (-Otite(fit rat ions at stat ionis located ini

theit e xt rerrie oppe - po rt (iot( I i t cts t tha r c ' acre s I i ght l highier than ba se . The

g reatest et I ect 5 aucltor c- duincig the Iw vs atiqal I i tig per ciod at hot tona dIeptst it as
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Ai sIi 11 ow iii Phoitois )_5-5r7 .~t x I iniif- riii t s tlIIrughou t t fit, eil t rarire area were

iharligtit s Igi I I c-nt lv j -I rusiil t I P' I i: ('if r-rnt vel I f.Itv iiieisiirellerits

it s / stt jIrrw, ( st a OA-8C) ,luitt'd 1 1 t tit erit rjIri t, ;I ria ,iiild iiiiiii' ttI v seaj

Wi rd oI t he je LttieIs, we re chianrged as I I I oiws : I irilitii nih cuirrenits iit',isiiri-e

I t tfire sitr ace depth were itreased it 4 stat tons;, rtirirel a t 3s ta't I uiS , arid

Ien~ rili nd rel[a t ivelIy tiilciiarigti -t It 1 sta t iIIs lTir nix i< 1rir 11111 1 re~i "e aIt t I e

siirt r I' d'p th 11was 1 .9 1 ps at S ti , I i Id ti I' ili x Ilimil hi rceise wa ls 3 .0 11)s it

s t a _28B. MIX 1111111rrin iriiipth If eb c rrrt'nt s we ii v I I it stevenl Iut'It runf s

crrascd ajt tIIr e e I uraIt iuis , *Iiid iiiictirifigid It s cv erI I1 t It ins. lTie greaitest

it- reaise it thfe IIIinidep t 1 was, 31 ips midi ui tit tel it st i 2A, wh ie t Lhe greatest

d(ler re'iSi , 1ien sti r I rig 13 . 01 ) pS , oi-i urrid irt !;t a 21 Bt~ %I< I mumal t'hi u el et s Iler -

sri I d ofi thfe ho t t on ,-ere 11 i glie, r t ha i n Vise it I x2 I t it ui, o we r t ira i ha s e atL

I Ive I utaIt i ris , atrid tiiiciingiu at s Ix I u)c aIt i . Hit, greatest i crea se wi s

It 'vs it s t ; 2A. The g realtestL it( re(,ISt' WdS 2i 1lls andl Uf, cir-ri at sta; 2B8.

t 1t 28, I o i t el( !; awaj rd oI thle nrt If t t v t:<xt en is Ii (,I rt i onl ()t t ie i wais

I fit t i it1111 e I v si 11 1 I tel irurri )1) i eii m iirrrrit 1) thef( st riitrtire tirunghirrit the

tIi .1I In t hie rt I ire ma.1x r 1mirr rtIitrut iriws 1i nil, cirrrent s Were observed it

this )I I t I (m.

X5 111i11 i i 1rii oo I [u I r reri1 t s rIrT)( s[I ret I ri tire erut rarree r rII, rea sed w I t it

ii hit Ii I Ic I ho)wever urv I(l. staIt Ia )I :; t I , sutrfaait bu-, 1(1htt il) dept Ii

ditl r i I Ie ri. Nix iirif rtrit s it tire ut irer ,sta;t jn 15 ( sirriac',

it I hht If, l tut [u himdct Its I i.rit .ii(,iit Ii I ps ir i gliri t 1i11 tirist' observed

i! list t ("t Hut gre'it't i- iitli ~s () tpis .i wsis o,stvr'il It

tli rii1irrr -hI '.1 1 t I-- Illi 1,Its ril'.l,trtl it tit lowr; loi,ittii

I It ii lilo ( -t. I oTI~iit !i Ii t t t I It tt iii.t IIl cil i i .lti
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flat tcl e ls III t he ent I-iit' " off the teacthes antd of 'shore areas The shod Is

exi.st i rig tiri rig hise t t, t s iun sect i oils J1 7 to J118 were reduced bly the plan.

)thei thiti thins area, ii the imminniedi ate viciuity of the l ) 1 if, the re were rio

SI g i it I rat tIT iriges t o th Iase rorniti t on shoal ing arid scour patterns.

SPlate )2 s h(os t ti( e t f cts ot P at 3E with respect to the base, at

ca('IT i [it Vi liji 1 t es t sec t ioi. 'le( dat a i I thIfi s p1 ateu a r id I 'i a )I e 4 siow tLha t

P lan ift'. restil te iii n l vri v( i- s I igh t iir('rease ini shoal i fg iii sect Ioils I ocatet

a I ()ig t ie [() rt Itea ( hi ot 'l ii I s I a rod ( Sec t i o s G;15 to G19) . ''hie shnoa 1 i rig

Irhex or- tlit- riv I ga t i)i chane I was 04 .()  or 4. () percent hi gher thiani that oh-

st'rv(.t tn o Ih sI, t ests. Itlne data i li Table 4 arid the profile plot ill Plate 303

.tio()w .th.t the 1) kin ejisel iii i mi(reiase it the s hoalirg rate oi t outer bar at

the (te,ik shoil sect ii()i. It' t peak stioa I located oil the i fil(er bar was reduced(

I I ght l v u i' cl)it ed trit, se( t i()i (300 1 t ) artther uips Lreim. Other than

thest t",) tis , there wijs very I itt le (li t e r ce ill the plan and base coldi-

t ,iri s tioi i rig I o(tex r-oti I e.

Ptlan [31'

1 i t j gl it s

3 I. lht' of t ct (s PIa i HF i 10)1 roll Iovrly tidal hteights are shown ilr

I t s 21-2 20. 1) 1 tar BE lowered t igtr-waiter l(v(.ls arid riised low-water le'vels

I I,i Iv the t ilde It'vt'I 1 c)tI, i It'.s in Figtir. Ic Mlaxim ni effects onl high-

".it t ','I I V IS o 'l i-re (Cd i t .S , 7 t itid 8 , l'ocitetd iT it' upperI- portion of the

- i, r ', wh i I I irn. x ii n cI ftI Lt t I lo)w- 'at er l'v' Is o cilrredt it staIt ioils 1o-

.1t1!-I 1i thit' tolit riuct' i sti 2, 1, ,iri d l. [igh-wate)- l eveIs at st 1 7 anId 8

, ), I w c (I hv 0}.b 1 il {). I I v 'Iy, wtmln tow-wat er levels at sti

t i ,Ii,' I t l ,tl . 'I , I).*-, l (). 3 It, (' h['( t iVt'Iv. lh ir d s a de]ly of

It,, i 1, 11,, I) Iti~ t l it- I' t il , I , ' l i''it, J , l 'l g I ", '), t Ic .h i , - d Ii t w - i t , I I

),,'t t.~ ) I , , . ' f t t 2l 1,)i 1 1 t,+r I II I sh' ( l ~ r , .ri l , l , l t 0 4

r) I Il Ii" ,' ,ti t IV

II

I ) ,' i ! I I I l,' i't, ii rt' V . I t' 'i i .,l I I l ''.. 1 I- . + I . I I , t' , ( ,I t) Itri~r ii ' lt I -

4 i9 ' ' i , ' v l .l ] ' I , )t ( , , I , l .i t , l i > f ' , f < t t l , i . < i ( <
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